T he Gram-negative bacterium Salmonella is a foodborne mammalian pathogen that invades the host via the intestinal epithelium. In the case of Salmonella enteritidis serovar typhimurium (S. typhimurium) infection of mice, Salmonella are thought to preferentially interact with Peyer's patches (PP), 6 initially inducing entry into M cells (1) (2) (3) (4) . Salmonella usually remains localized to the intestinal epithelium and the gut-associated lymphoid tissues where this organism causes severe enteritis. However, in the case of S. typhimurium infection of mice and Salmonella typhi infection of humans, Salmonella infection becomes systemic with bacteria rapidly migrating to a several sites in the body, including the spleen and liver, where they can replicate in phagocytic cells (5, 6) .
T cells of the adaptive immune system play a central role in the clearance of primary infections and in protection against subsequent challenge with related strains of Salmonella (7, 8) . T celldeficient mice are impaired in their ability to clear primary oral infections with virulent Salmonella dublin (9) , and athymic mice fail to clear systemic primary infections caused by various attenuated S. typhimurium strains (10, 11) . Salmonella reside intracellularly within phagocytic and nonphagocytic cells, and bacterial proteins can gain access to both the MHC class I and MHC class II Ag-processing pathways (12) (13) (14) (15) . Thus, both CD4 ϩ and CD8 ϩ T cells have been implicated in the immune response to Salmonella (16 -21) . T cells that reside in the intestinal epithelium (intestinal intraepithelial lymphocytes (iIELs)) are the first elements of the host T cell compartment available to respond to Salmonella during its entry into the host by oral infection. iIELs can be divided into two main subpopulations based on CD8 expression. One subpopulation expresses the TCR␣␤ and CD8␣␤ (22, 23). The features of the TCR repertoire expressed by these T cells suggest that they have undergone thymic selection, and they are absent in athymic mice (24 -26). The CD8␣␤ TCR␣␤ cells within the iIEL population and in peripheral lymphoid organs are largely dependent on MHC class Ia molecules and TAP for their development (27) (28) (29) .
The other subpopulation of T cells found within the iIEL compartment expresses TCR␣␤ or TCR␥␦ in combination with CD8␣␣. CD8␣␣ iIELs are present in athymic mice, and their development is largely confined to the intestine (25), potentially occurring in gut-associated cryptopatches (30). Intestinal TCR␣␤ CD8␣␣ T cell development is MHC class I dependent, and partially TAP dependent (31-33). However, although class I dependent, this iIEL population is MHC class Ia and CD1 independent (27, 34, 35) , implying that MHC class Ib molecules, such as Qa-2, may play a role in their development (36) . TCR␥␦ ϩ cells within the iIEL population (␥␦ iIELs) predominantly express CD8␣␣, and a minor population does not express CD4 or CD8 (37) . The development of most ␥␦ iIELs is independent of MHC class I molecules (38) . However, some MHC class Ib molecules are recognized by TCR␥␦ ϩ cells within the iIEL population, either via their TCR or through other cell surface receptors. For example, a subset of ␥␦ iIELs recognizes the closely related molecules T10 and T22 via their TCRs (39 -41) , and the MHC class Ib molecule TL interacts with ␥␦ iIELs through binding to CD8␣␣ (42) . Subsets of TCR␥␦ ϩ cells have also been shown to express NKG2D, a receptor for the MHC class I-related RAE-1 and H-60 proteins (43) . Murine CD1d, T22, and TL are expressed by intestinal epithelial cells (44 -46) , providing further evidence that MHC class Ib molecules may be able to directly modulate the effector function of intestinal intraepithelial TCR␥␦ ϩ cells.
In this study, we report the Qa-1-dependent expansion of a novel CD8␣␤ ϩ TCR␥␦ ؉ cell subset within the iIEL population, during the initial stages of the immune response to oral infection with virulent or avirulent S. typhimurium strains. Qa-1 is shown to be expressed by intestinal epithelial cells; thus, this CD8␣␤ ϩ TCR␥␦ ϩ cell subset, and hence Qa-1, may play a role in the mucosal intestinal immune response to Salmonella.
Materials and Methods
Mouse strains C57BL/6 (B6, wild-type) mice were purchased from either The Jackson Laboratory (Bar Harbor, ME) or the National Cancer Institute (Frederick, MD). B6-␤ 2 m Ϫ/Ϫ and B6-Tap-1 Ϫ/Ϫ (29, 47) mice were purchased from The Jackson Laboratory. K bϪ/Ϫ D bϪ/Ϫ were backcrossed onto a B6/J mice, and their generation was described previously (48, 49) . Handling of mice and experiments were conducted in accordance with institutional policies for animal care and use.
Bacterial strains and growth conditions
Virulent S. typhimurium strain C5 (wild-type) and live, avirulent S. typhimurium strain SL3235 aro A Ϫ (aroA Ϫ ) were grown in Bacto tryptic soy (TS) broth (BD Biosciences, Sparks, MD) or on TS agar plates. Bacteria were grown overnight at 37°C. The following day, bacterial cultures at saturation density were diluted 1/100 and grown to mid-logarithmic phase (A 600 , 0.5-0.6). Bacterial cultures were centrifuged and washed in PBS twice before use. The number of bacteria was calculated from a standard curve relating CFUs vs OD 600 (A 600 ), and verified by growing aliquots of serial dilutions on TS agar plates.
In vivo infection with S. typhimurium
Eight-to 10-wk-old gender-matched mice were either mock infected or infected orally with 5 ϫ 10 5 wild-type or 5 ϫ 10 8 aroA Ϫ Salmonella in 0.1 ml of PBS, using a standard gastric intubation needle. At various times after infection, small intestine, mesenteric lymph nodes (MLN), PP, liver, and spleen were isolated from infected and control animals. The number of bacteria present in each mouse strain was determined by preparing singlecell suspensions from the MLN, PP, liver, and spleen using a Stomacher (Seward, London, U.K.), and making serial dilutions in PBS of the suspensions obtained. Aliquots of each serial dilution were grown on TS agar plates.
Antibodies
Purified anti-CD16/CD32 (clone 2.4G2), FITC and PE-anti-CD8␤.2 (clone 53-5.8), PE-anti-TCR␥␦ (clone GL3), PerCP anti-CD8␣ (clone 53-6.7), allophycocyanin-anti-TCR␤ (clone H57-597), biotinylated anti-CD94 (clone 18d3), biotinylated anti-Qa-1 b (clone 6A8), FITC-anti-NK1.1 (clone PK136), biotinylated mouse IgG1, and streptavidin-allophycocyanin were purchased from BD PharMingen (San Diego, CA). Anti-Qa-1 b (4C2) was prepared from ascites by protein A/G affinity chromatography using standard protocols. Murine IgG1, FITC-F(abЈ) 2 sheep anti-mouse IgG1, and HRP-F(abЈ) 2 sheep anti-mouse IgG1 were purchased from Accurate Scientific (Westbury, NY). HRP-streptavidin was purchased from DAKO (Carpinteria, CA)
Cell preparation and flow cytometry iIEL were isolated from the small intestine as described previously (50) . In brief, PP were identified and removed. After flushing with PBS (4°C), the gut was opened on a wet linen square. The mucosa was scraped with a scalpel, and then dissociated by stirring in 50 ml of RPMI 1640 containing 10% heat-inactivated FCS, 1 mM dithioerythritol (Sigma-Aldrich, St. Louis, MO), and 1 mM EDTA for 20 min at room temperature. After centrifugation, the pellet was resuspended in RPMI 1640 containing 10% heat-inactivated FCS and passed through a glass wool column prewashed with RPMI 1640 containing 5 mM HEPES. The glass wool-nonadherent cells were centrifuged and resuspended in 72% Percoll (Amersham Pharmacia Biotech, Piscataway, NJ)/PBS solution, overlaid with an equal volume of 36% Percoll/PBS, and centrifuged at 2000 ϫ g for 30 min at room temperature. The cells (iIELs) at the interface were isolated, washed, and counted.
The recovered iIEL population was first incubated with anti-CD16/CD32 to block nonspecific mAb binding. All iIEL and cell line samples were stained with various combinations of directly and indirectly fluorochrome-conjugated mAbs, as indicated. Three-or four-color immunofluorescence staining was analyzed by either FACScan or the FACSCalibur instrument (BD Biosciences). iIELs were gated using forward and side scatter to exclude dead cells, and the data were analyzed using CellQuest software (BD Biosciences).
Immunoblotting
Whole-cell lysates from cell lines or homogenized tissues were prepared by the addition of SDS sample buffer without 2-ME, followed by boiling and sonication. Lipids were extracted from brain and small intestine lysates using 1,1,2-trichlorotrifluoroethane. Protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA). Fifteen micrograms of each lysate was reduced by the addition of 2-ME, boiled, separated by SDS-PAGE (10%), and transferred to ImmunBlot polyvinylidene difluoride membrane (Bio-Rad). The presence of Qa-1 was visualized using the mAb 4C2 (anti-Qa-1 b ), followed by HRP-F(abЈ) 2 sheep anti-mouse IgG1 and ECL (Amersham, Chicago, IL).
Chromium release assay
Lysis of 51 Cr-labeled target cells was performed as described (51) . In brief, target cells were prepared from the appropriate mouse strains by culturing spleen cells in the presence of 1 g/ml Con A for 3 days, and live cells were then purified using Lympholyte M (Accurate Scientific). All target cell types were labeled for 1.5 h at 37°C with 51 Cr (Amersham Pharmacia Biotech). A total of 1 ϫ 10 4 target cells per well were aliquoted into 96-well plates (Falcon, Bedford, MA) and pulsed with and without the peptide AMAPRTLLL (Qdm) (Macromolecular Resources, Fort Collins, CO) followed by incubation at 37°C for 1 h. CTL effector cells were added at the indicated E:T ratios for 4 h at 37°C before supernatants were collected and counted on a Microbeta instrument (model 1450; Wallac, Gaithersburg, MD). In all cases, the percent specific lysis at an indicated E:T ratio represents the mean of triplicate samples.
Single-chain Qa-1 b (scQa-1 b ) transgenes
The strategy to generate a single-chain class I molecules has been described in detail previously (52) (53) (54) . In brief, scQa-1 b transgenes were constructed by linking the C terminus of murine ␤ 2 m b cDNA to the N terminus of the ␣2 domain of Qa-
, via a spacer of 15 aa containing the sequence (G 4 S) 3 . PCR was used to construct a modified ␤ 2 m b cDNA sequence, with an upstream primer that contained a sequence corresponding to the proximal end of ␤ 2 m b , and a downstream primer that contained a sequence corresponding to the distal end of ␤ 2 m b , followed by a sequence encoding the first 13 aa of the (G 4 S) 3 linker. A modified version of Qa-1 b cDNA was constructed using an upstream primer that encoded the last 13 aa of the (G 4 S) 3 linker, followed by a sequence corresponding to the proximal end of exon 2 of Qa-1 b , and a downstream primer that contained a sequence corresponding to the 3Ј untranslated region of Qa-1 b . ScQa-1 b (c) was generated by mixing the two PCR products and splicing by overlap extension, using the upstream primer specific for the proximal end of ␤ 2 m b and the downstream primer specific for the 3Ј untranslated region of Qa-1 b . ScQa-1 b (c) was then cloned into pCI-neo (Promega, Madison, WI). A fragment of the H-2K b promoter, from Ϫ263 to ϩ 20, was PCR amplified and subcloned into pCI-neo, replacing the existing promoter but leaving the 5Ј untranslated region chimeric intron intact.
ScQa-1 b (g) was created by subcloning a fragment of genomic Qa-1 b from the BstXI site, corresponding to a sequence in exon 2, through to the SpeI site, corresponding to a sequence in the 3Ј untranslated region, into scQa-1 b (c). A fragment of the H-2D d promoter, from XbaI to BamHI, ϳ400 bp upstream of the initiating ATG, was PCR amplified and subcloned directly upstream of the proximal end of scQa-1 b (g). Transgene DNA was injected into (B6 ϫ SJL)F 1 blastocysts. Founder mice were crossed to B6-␤ 2 m Ϫ/Ϫ (47) mice for at least six generations.
Cell lines and transfectants
DLD-1 (American Type Culture Collection, Manassas, VA), a ␤ 2 -microglobulin (␤ 2 m) Ϫ/Ϫ human colorectal tumor cell line (55, 56) , was cultured in RPMI 1640 supplemented with 10% heat-inactivated FCS, 1 mM sodium pyruvate, 10 mM HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin. KJ29, a ␤ 2 m Ϫ/Ϫ human liver tumor cell line, was maintained in DMEM with the same supplements (57) . DLD-1 and KJ29 were transfected with scQa-1 b (c) and scQa-1 b (g) using Lipofectamine Plus (Invitrogen, Grand Island, NY), and transfectants were selected using medium supplemented with Geneticin (G418) at 300 and 600 g/ml, respectively.
The human lymphoblastoid cell line (C1R) was maintained in RPMI 1640 supplemented with 5% heat-inactivated bovine calf serum, 10 mM HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin. C1R cells expressing Qa-1 b were generated previously (51) . C1R cells expressing scQa-1 b (c) and scQa-1 b (g) were generated by electroporating 10 g of linearized versions of both plasmids at 230 V and 960 F, following a standard protocol, and transfected cells were selected using medium supplemented with 800 g/ml G418.
The Qa-1 b -restricted CTL clone D5D2 was described previously (51) . D5D2 recognizes the dominant Qa-1-associated peptide Qdm, which is derived from aa 3-11 of most MHC class 1a D region-encoded molecules. D5D2 also recognizes other peptides that are very similar in sequence to Qdm, including the D k variant (AMVPRTLLL), when presented by Qa-1.
Immunohistochemistry
Tissue samples from 8-to 10-wk-old mice were fixed in alcoholic zinc formalin (50% isopropyl alcohol, 8 mM zinc chloride, and 3.7% formalin) and embedded in paraffin. Four-micrometer sections were deparaffinized and rehydrated in graded alcohols before immunohistochemical studies.
Biotinylated 6A8 (anti-Qa-1 b ) or biotinylated mouse IgG1 were overlaid at a final concentration of 25 g/ml in 50% normal goat serum/50% pooled human serum for 12 h at 4°C. Slides were washed and incubated with HRP-streptavidin at a final concentration of 5 g/ml for 1 h at room temperature. Diaminobenzidine (DAKO) was used as the chromogen, and hematoxylin (DAKO) was used as the nuclear counterstain. Stained samples were examined using a confocal microscope system (LSM 410; Carl Zeiss, Thornwood, NY). Images were collected and analyzed with the manufacturer's software.
Results

Class I-deficient mice display accelerated bacterial growth following oral infection with S. typhimurium
Previous studies, using an i.p. infection route, demonstrated that class I-deficient (␤ 2 m Ϫ/Ϫ ) mice were more susceptible to infection with S. typhimurium (21). Given that the natural route of infection 
FIGURE 2.
Oral infection with S. typhimurium causes changes in the iIEL populations. B6 mice were infected orally with wild-type or aroA Ϫ S. typhimurium strains. At various times after infection, the small intestine was removed, and isolated iIELs reacted with fluorescent-labeled mAbs and analyzed by flow cytometry. A, The distribution of TCR␣␤ and TCR␦␥ iIELs from the small intestine of mock-infected (left) or S. typhimurium-infected mice 10 days after oral infection (middle and right panels). B, CD8␣ and CD8␤ expression on gated TCR␥␦-expressing iIELs from mock-infected B6 mice or mice 3, 5, and 10 days after oral infection with wild-type virulent S. typhimurium strain. C, CD8␣ and CD8␤ expression on gated TCR␥␦-expressing iIELs in mock-infected (left) or mice orally infected for 10 days with wildtype (middle panel) or aroA Ϫ (right panel) S. typhimurium strains. The data displayed are representative of groups of three to five mice.
with Salmonella is through the ingestion of contaminated food, we examined this issue in an oral infection model. As shown in Fig. 1 , viable bacteria can be detected in the spleens and livers of wildtype B6 and B6-␤ 2 m Ϫ/Ϫ mice following oral infection with wildtype S. typhimurium. In C57BL mice, bacteria can be detected as early as 3 days postinfection, and by 10 days, the in vivo bacterial load has plateaued. In class I-deficient (␤ 2 m Ϫ/Ϫ ) mice, bacterial loads were consistently higher, and bacterial growth continued to rise. Similar observations were made when bacterial loads in MLN and PP were measured (Fig. 1) .
Oral infection with S. typhimurium causes expansion of a novel CD8␣␤
ϩ TCR␥␦ ϩ iIEL subset
The observation that class I-deficient mice show increased bacterial growth as early as 3 days post-oral infection suggested that class I-dependent elements of the mucosal lymphoid compartment played a role in the ability of the host to limit infection. iIELs are uniquely positioned to respond to infections initiated via the gastrointestinal tract. Therefore, we have analyzed the distribution and/or frequency of iIEL subsets following oral infection with S. typhimurium. Displayed in Fig. 2A is a flow-cytometric analysis of the distribution of TCR␣␤ and TCR␥␦ iIELs isolated from infected and mock-infected B6 mice. In mock-infected B6 mice, TCR␣␤-expressing cells were the dominant iIEL population. However, B6 mice orally infected with wild-type Salmonella consistently displayed an increase in proportion of TCR␥␦ ϩ iIELs. The yield of iIELs was typically 2-4 ϫ 10 6 cell/mouse and did not significantly differ in infected or uninfected mice. Therefore, there was no dramatic infection-induced change in the total number of iIELs recovered.
To assess whether this increase in TCR␥␦ ϩ iIELs represented a change in a specific subpopulation, iIELs from wild-type mice were analyzed at various time points after oral infection with wildtype Salmonella, and the expression of CD8␣ and CD8␤ on TCR␥␦ iIELs was examined. As reported previously (25, 38), in uninfected mice, the TCR␥␦-expressing iIELs largely expressed CD8␣␣ (Fig. 2B) . However, in iIELs recovered from infected mice, a TCR␥␦ ϩ cell population expressing CD8␣ and CD8␤ is readily detected. This CD8␣␤ ϩ TCR␥␦ ϩ iIEL population is variably seen in uninfected animals, yet by 10 days postinfection represented up to 15% of the total TCR␥␦ ϩ iIEL population. Examination of TCR␥␦ ϩ cells from PP, MLN, livers, or spleens failed to identify a CD8␣␤ ϩ -expressing TCR␥␦ ϩ subset. Thus, this subpopulation was uniquely found in the intestinal epithelial compartment.
To determine whether the expansion of CD8␣␤ ϩ TCR␥␦ ϩ iIEL population is affected by bacterial virulence factors, in some experiments, we used the avirulent aroA Ϫ S. typhimurium strain. Interestingly, we found that aroA Ϫ S. typhimurium strain also induced an expansion of CD8␣␤ ϩ TCR␥␦ ϩ iIEL population to a similar extent as wild-type Salmonella (Fig. 2C) .
Salmonella-induced expansion of the CD8␣␤ ϩ TCR␥␦ ϩ iIEL subset is class I and TAP dependent but MHC class Ia independent
Previous studies have demonstrated that the development and function of TCR␥␦ ϩ iIELs is largely MHC class I and thymus independent. However, CD8␣␤-expressing T cells have been shown to be MHC class I and thymus dependent, and the recognition of MHC class I molecules by TCR␥␦ ϩ iIELs has been described (39 -42 (Fig. 3A) . Thus, the expansion of the CD8␣␤ ϩ TCR␥␦ ϩ iIEL population is MHC class I dependent but MHC class Ia independent. In addition, the CD8␣␤ ϩ TCR␥␦ ϩ subset fails to expand in TAP-1-deficient mice (Fig. 3B) . These results implies that MHC class Ib molecules probably are involved in the TAP-dependent expansion of the CD8␣␤ ϩ TCR␥␦ ϩ iIEL subset.
Generation of a mouse expressing Qa-1 as the only abundant cell surface MHC class I molecule
The murine class Ib gene products T13, T22, and T23 (Qa-1) have been demonstrated to act as ligands for TCR␥␦ ؉ cells (41, 42, 58 -61) . To address whether Qa-1 is involved in the Salmonelladependent expansion of the CD8␣␤ ϩ TCR␥␦ ؉ iIEL subset, a MHC class I-deficient-mouse in which Qa-1 expression was selectively restored was generated. This was accomplished by generating a Qa-1 transgene where ␤ 2 m was covalently attached. This cis expression of ␤ 2 m would permit only the Qa-1 molecule to be FIGURE 3. Expansion of TCR␦␥ ϩ CD8␣␤ ϩ iIELs after S. typhimurium infection is MHC class Ia independent and TAP dependent. A, B6, B6-␤ 2 m Ϫ/Ϫ , and K bϪ/Ϫ D bϪ/Ϫ mice were infected orally with wild-type S. typhimurium, and the small intestines were removed 10 days after infection. iIEL were prepared and stained with the indicated fluorescent-labeled mAbs. Displayed is the CD8␣ and CD8␤ expression on gated TCR␥␦-expressing cells from B6 (left panels), B6-␤ 2 m Ϫ/Ϫ (middle panels), and K bϪ/Ϫ D bϪ/Ϫ (right panels) mice that were either infected (bottom panels) or mock-infected (top panels). The data displayed are representative of groups of three to five mice. B, Infection was identical with that described in A, except B6 and B6-Tap-1 Ϫ/Ϫ mice were used. The data displayed are representative of a group of three to four mice. expressed in ␤ 2 m-deficient cells and would allow for the identification and characterization of Qa-1-dependent immune-mediated events (52, 53) .
The scQa-1 b transgene was generated by connecting the C terminus of murine ␤ 2 m b cDNA to the N terminus of the ␣2 domain of Qa-1 b cDNA (scQa-1 b (c)) or Qa-1 b genomic DNA (scQa-1 b (g)), via a spacer of 15 aa, containing four glycines followed by a serine, repeated three times (G 4 S) 3 (Fig. 4A) . The correct molecular mass of scQa-1 b was verified by Western blot analysis of whole-cell lysates from cells stably transfected with scQa-1 b (c) or scQa-1 b (g) (Fig. 4B) . Results obtained from scQa-1 b (c) and scQa-1 b (g) were equivalent. No significant proteolytic degradation of scQa-1 b was observed, demonstrating that it is efficiently synthesized and transported to the cell surface.
To determine whether scQa-1 b is properly folded for cell surface expression and presentation to CD8 ϩ T cells, transfection studies using two ␤ 2 m Ϫ/Ϫ cell lines were performed. As shown in Fig. 4C , scQa-1 b (c), when transfected into ␤ 2 m-deficient cell lines DLD-1 and KJ29, reaches the cell surface at significant levels; studies with scQa-1 b (g) showed similar results (data not shown). Furthermore, scQa-1 b and wild-type Qa-1 b were effectively recognized by the Qa-1-restricted CTL clone 39.1D7X as well as by the Qdm-dependent Qa-1-restricted CTL clone D5D2 (Fig. 4D) 
Salmonella-induced expansion of CD8␣␤
The Qa-1 dependence of the expansion of the CD8␣␤ ϩ TCR␥␦ ϩ iIEL population in response to Salmonella infection was addressed by orally infecting wild-type, ␤ 2 m Ϫ/Ϫ , and scQa-1 bϩ /␤ 2 m Ϫ/Ϫ mice with wild-type Salmonella. Flow-cytometric analysis revealed that the CD8␣␤ ϩ TCR␥␦ ϩ iIEL population expanded in the scQa-1 bϩ /␤ 2 m Ϫ/Ϫ mice in a similar fashion to that observed in wild-type mice (Fig. 5) . Therefore, selective restoration of Qa-1 b expression in class I-deficient animals restores the Salmonelladriven expansion of the CD8␣␤ ϩ TCR␥␦ ϩ iIEL population. Qa-1 can be recognized by both TCRs and members of the CD94/NKG2 family (21, 62-70). Interestingly, neither CD94 nor NK1.1 is expressed on the surface of the CD8␣␤ ϩ TCR␥␦ ϩ iIEL population (Fig. 6) . Hence, the Qa-1-dependent expansion of this population must occur independently of interactions with CD94/NKG2.
Qa-1 b expression in the small intestine
The Qa-1-dependent expansion of the Salmonella-induced CD8␣␤ ϩ TCR␥␦ ϩ iIEL population implies that Qa-1 is expressed in the intestinal epithelial compartment, and thus is available for recognition by other cells. To directly address this prediction, Qa-1 expression in the small intestine of B6 mouse was examined by both Western blot and immunohistochemistry. As shown in Fig.  7A , Qa-1 expression can be readily detected in the spleen and thymus, and high-level expression is also observed in the small and large intestine. In addition, the scQa-1b transgenic protein is also expressed at high levels in the intestine (Fig. 7B) . Immunocytochemical analysis detected Qa-1 expression in intestinal epithelial cells lining the villi (Fig. 7C) . Qa-1 expression appeared largely intracellular and was absent in goblet cells, and lower expression levels occurred in undifferentiated crypts cells. Thus, Qa-1 is expressed at high levels in intestinal epithelial cells and is available for interaction with ␥␦ iIELs.
Discussion
In this study, we report that, following oral infection with S. typhimurium, a novel class Ib (Qa-1)-dependent CD8␣␤ ϩ TCR␥␦ ϩ iIEL population is induced. This subset can be detected as early as 3 days following infection and by 10 -12 days can represent 10 -15% of the total TCR␥␦ ϩ iIELs. The induction of these CD8␣␤ ϩ TCR␥␦ ϩ iIELs seems to be independent of overall bacterial virulence, because oral infection with wild-type and aroA Ϫ Salmonella strains can induce this subset's appearance. To the best of our knowledge, this report is the first description of a class I-dependent CD8␣␤ ϩ TCR␥␦ ϩ iIEL subset, because previous studies have demonstrated that iIELs expressing TCR␥␦ are either CD8␣␣ or CD8 negative, and are class I independent (38) . We propose that this CD8␣␤ ϩ TCR␥␦ ϩ iIEL subset is an early-acting component of the overall host immune response that will ultimately lead to bacterial clearance.
A resident class I and TAP-dependent CD8␣␤-expressing V␥4 cell population has been identified in the lung, which increases following Ag challenge in a murine model for airway hyperresponsiveness (71) . This lung population appears distinct from the intestinal CD8␣␤-expressing TCR␥␦ cell population we have described, because this iIEL subset is rare in resident cells and fails to express V␥4 (S. Lopez-Briones and M. J. Soloski, unpublished data). Therefore, we predict that the lung-and intestine-localized CD8␣␤-expressing TCR␥␦ cells will have distinct recognition properties and possibly effector function. However, the finding that CD8␣␤-expressing TCR␥␦ T cells expand in the lung and gut settings following Ag exposure, suggests that the expansion of class I-dependent ␥␦ T cells may be a general, hitherto unrecognized, feature of tissue-localized ␥␦ T cells following an inflammatory stimuli. The precise nature of the antigenic stimulus that drives the increase in CD8␣␤
ϩ TCR␥␦ ϩ iIELs is not completely defined. However, the expansion of this CD8␣␤ ϩ TCR␥␦ ϩ iIEL population appears to be dependent on expression of the class Ib molecule Qa-1. This conclusion is supported by the absence of CD8␣␤ ϩ TCR␥␦ ϩ iIELs in class I-deficient mice and their presence in class Ia-deficient mice and in class I-deficient mice where Qa-1 expression has been selectively restored. The most straightforward interpretation of our data is that the CD8␣␤ ϩ TCR␥␦ ϩ iIELs are directly recognizing Salmonella-induced changes in Qa-1 expression. Qa-1 is recognized by two types of receptors, either clonally expressed T cell Ag receptors or the CD94/NKG2 receptor expressed on NK cells and some T cell subsets (65) . Our analysis shows that the CD8␣␤-expressing TCR␥␦ T cells do not express CD94/NKG2 NK receptor family members; therefore, direct recognition by TCR␥␦ is most likely. Prior studies have demonstrated that Qa-1 can be recognized by TCR␥␦ ϩ cells. Vidovic et al. (60) demonstrated that a ␥␦ T cell hybridoma recognizes a Glu 50 Tyr 50 synthetic copolymer presented by Qa-1. Also, Qa-1 can bind and present peptides derived from bacterial and mammalian heat shock protein (hsp)60 family members, and several examples of hspreactive ␥␦ T cells have been reported (72) (73) (74) . Therefore, it is reasonable to hypothesize that the Qa-1-dependent expansion of the CD8␣␤ could be TCR mediated. Furthermore, it is likely that the recognition of Qa-1 by the CD8␣␤-expressing TCR␥␦ T cells involves peptide, because the expansion of these cells is TAP dependent. This is consistent with the known function of Qa-1 in the presentation of peptide to antibacterial and alloreactive effector CD8 ϩ T cells (21, 51, 70, 75) . Indeed, CD8␣␤-expressing TCR␥␦ T cells found in the lung are TAP dependent, providing another example in which TCR␥␦ T cell recognition is peptide dependent (71) .
Qa-1 is readily available for recognition by TCR␥␦ ϩ iIELs, because it is expressed at high levels by intestinal epithelial cells. It is interesting to note that the Qa-1 staining pattern observed in our studies suggests that Qa-1 is predominately intracellular. We speculate that, during infection, Qa-1 surface expression on intestinal epithelial cells is up-regulated, perhaps due to the increased supply of a relevant Qa-1 binding peptide. This peptide would not be derived from the leader sequence of class Ia molecules because CD8␣␤-expressing TCR␥␦ cells are found in H2-K/D-deficient mice that lack a source for these leader peptides (76, 77) . In contrast, Qa-1 has been shown to bind and present peptides derived from Salmonella and murine hsp60, and these peptides would be likely candidates (21, 75). Such peptides may also be recognized by the CD8␣␤-expressing TCR␥␦ iIELs.
At present, the precise origins of the bacterial-induced CD8␣␤-expressing TCR␥␦ iIELs are not clear. One possibility is that these cells represent a bacterial-induced expansion of a rare, normally resident iIEL subset or are a population of recent migrants attracted to the epithelial compartment by the infection. Alternatively, they could represent a novel class Ib-dependent subset of CD8␣␣-expressing TCR␥␦ iIELs that have up-regulated CD8␤ following activation. At present, we cannot distinguish between these possibilities, although the up-regulation of CD8␤ in CD8␣␣-expressing T cells has not been described previously. Class I-dependent, CD8␣␤-expressing TCR␣␤ cells are known to originate in the thymus where they undergo selection (78, 79) . Whether this observation applies as well to CD8␣␤-expressing TCR␥␦ T cells remains to be determined. TCR␥␦ ϩ cells have been proposed to serve several roles. These functions include immunoregulation of the adaptive TCR␣␤-mediated immune response, direct pathogen-specific effector function and the maintenance of the integrity of the epithelial barrier (80 -82) . Previous studies have shown that, following oral infection with the coccidian protozoan Eimeria, a biphasic increase in TCR␥␦ iIELs has been detected (83) . Because TCR␥␦-deficient mice do not display increased susceptibility, it appears that the Eimeria-induced TCR␥␦ ϩ iIEL subset does not directly play a role in pathogen clearance (84) . However, such mice display increased epithelial damage, indicating a role for TCR␥␦ ϩ cells in either regulating TCR␣␤-driven immunopathology or a direct role in the maintenance of the integrity of the epithelial compartment (84) . The latter role is supported by the observation that ␥␦ T cells are necessary for the preservation of the intestinal epithelium in response to inflammation and that skin ␥␦ T cells release keratinocyte growth factor, a factor that stimulates epithelial cell recovery (85) (86) (87) .
Infection of ␥␦ T cell-deficient mice with either Listeria monocytogenes or Salmonella also indicated that ␥␦ T cells play little role in controlling infection (9, 88, 89) . However, in the Listeria infection model, ␥␦ T cell-deficient mice display an increased inflammatory response and tissue damage (88, 89) . Collectively, such studies argue for a role for ␥␦ T in controlling the extent of infection-induced inflammation and/or maintaining tissue integrity (recently reviewed in Refs. 80 and 82) . After mice are infected orally with Salmonella, the bacteria invade intestine epithelium and then seed the liver and spleen (5) . Infection of intestinal epithelium by Salmonella has been shown to induce cell death and thus damage the epithelial barrier (90, 91) . Therefore, a role for TCR␥␦ iIELs, in particular the CD8␣␤-expressing TCR␥␦ cells, in the recovery of the intestinal epithelium from Salmonella infection is reasonable. In contrast, given that these cells express CD8␣␤ and are class I dependent, properties typical of conventional TCR␣␤ ϩ CD8 ϩ cells such as a direct effector role in limiting bacterial growth and/or clearance cannot be ruled out. In vivo depletion of TCR␥␦ ؉ cells results in an increase in susceptibility following oral infection with S. enteritidis, implying such a role (92) .
The class I-like molecules RAE-1, H-60, and MIC-A, and the T10/22 class Ib molecules have been proposed to serve unique roles in the identification of altered cells (93) (94) (95) . The expression of these molecules is restricted to certain cell types (e.g., epithelia), and their expression can be induced by stress, inflammation, or infection. Qa-1 may fulfill a similar role, and stress-induced changes in Qa-1 expression have been noted (73, 96) . Therefore, Salmonella-induced changes in Qa-1 surface expression on intestinal epithelial cells could be recognized by subsets of TCR␥␦ ϩ iIELs and play a role either in limiting infection and/or in maintaining the epithelial barrier. Considering that Qa-1 functional counterpart HLA-E, as well as other novel class I molecules, are expressed in the gut mucosal environment (97, 98) , the recognition and effector properties of this CD8␣␤-expressing TCR␥␦ T cell subset will need to be considered as we seek to understand the host-pathogen interaction within the mucosal compartment.
